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F0R;EXJORD 
A study a t  t h e  National Bureau of Standards (NBS), of  which 
t h i s  i s  the  seventh progress report ,  has been undertaken t o  meet 
t h e  need of t h e  National AeronaUtics and Space Administration (NASA) 
f o r  thermodynamic information on biologically re la ted materials 
important t o  t h e  space program f o r  several  reasons. 
reasons a re  t h e  necessity of inferring the  maximum amount o f  useful  
chemistry o f  incompletely accessible environments, f o r  which only 
limited informstion i s  available, t he  possibl i ty  of t h e  occw'reni=e 
of organic compounds natural ly  synthesized under primitive conditions, 
and the  poss ib i l i ty  of theoret ical ly  recovering part  of t he  pre- 
biological his tory o f  t he  earth. 
Among these 
This program is being carried out under the  technical  supervision 
of  Dr. George Jacobs of  NASA, and with t h e  consultation of 
D r .  Harold Morowitz of t h e  Yale University, Department of Molecular 
Biology and Biophysics, and D r .  C. W. Beckett of t h e  Heat Division, 
In s t i t u t e  f o r  Basic Standards (NBS). 
was in i t ia ted  1 May 1964 and extended 29 April 1965. 
eldended by Amendment 1 f o r  an additional year, beginning 1 July  1965. 
This report covers t he  th i rd  quarter of t h e  extended contract. 
The contract (Contract No. R-138) 
The program was 
. George T. Armstrong Supervisory Chemist 
Project Leader 
i 
t 1, Survev and A s l a l ~  sis of Heat4aDacit.v Data of 
Some CHNOPS ComDomds 
George T. F\wukawa and M a r t i n  L, Reilly 
The survey and analysis of heat-capacity data of CHNOPS compounds 
have been in progress and have been devoted p a r t i c u l a r l y t o  some 
important organic compounds. 
f o r  extrapolating t o  OOK t h e  heat-capacity data on a number of poly- 
hydroyy compounds which terminate a t  about 80°K. 
factory procedure has not been devised. 
thermodynamic functions on about eight polyhydroxy substances should 
be obtained. 
Ef for t s  were made t o  develop a method 
To da te  a sat is-  
Once a method is  found, 
The analysis  of the  heat capacity data of &-serine, &-methionine, 
furan, and urea had been completed and tables  of thermodynamic 
propert ies  calculated. These t ab le s  a r e  g i v m  in Chapter 2, 
I n  the  following sections of t h i s  chapter a re  described the  
sources of  data  used t o  obtain the  thermodynamic properties. 
beginning of t he  descr ipt ive t e x i  on eacn compound are  given: compourd 
name, s t ruc tu ra l  formula, and molecular weight. The temperature range 
o f  t h e  avai lable  experimental data i s  given within the  parentheses 
followiitg t h e  author’s names in t h e  descriptive text .  
analyzed on t h e  I B M  7094 computero 
using t h e  1961 atomic weights based on carbon-12. 
one calorie,  i s  equal t o  4.1840 joules. 
A t  the  
The data were 
The molal values were calculated 
The energy u n i t ,  
2. Tables of Thermodvn amic Functions 
2.1 &-Serine, HOCH SH(NH2) COOH, 105.094l4. 
Hutchens, Cole, and Stout (11-302OK) [ 61 reported. heat-capacity 
No heat 
2- 
measurements on &-serine. 
t a b l e  18 a r e  based on t h e  data obtained by Hutchens, e t  a l .  
of combustion measuremats have apparently been available a t  the  time 
(1964.). Hutchens e t  a 1  estimated f r o m  s t ructural  f ac to r s  
AX2(298°K) = -173.60 kcal mol-I and calculated &F(298°K)= -12L6 kml mol-l. 
The value of entropy obtained in t a b l e  18 f o r  &-serine y ie lds  the  
same r e s u l t  f o r  &P(29s0K) . 
2.2 
The thermodynamic properties given in 
&-Methionine, CH SCH CH CH(NH )COOH, 149,21292 
Hutchens, Cole, and Stout ( l l - 3 4 8 O K )  [5] determined the  heat capacity 
Hutche s, e t  &lo 
3-2-2-2 
of &-methionine. 
180°K t o  35OOK with t h e  heat capacity maximmat 305.5OK. 
estimzited t h e  entropy of t h i s  t r ans i t i on  t o  be 4,2 c a l  deg-l mol- 
(“R en 8 ) ,  
A t r ans i t i on  i s  shown tha t  extends appro-tely from 
f 
Table 19 is  based on t h e  data reported by Hutchens, e t  al. 
? 
I 
2.3 Furan, CHCHCHCHO, 68.07588 
Heat-capacity measurements on furan were reported by Guthrie, i 
i 
i 
e-J &. (12-3OOOK) [3]. The measurements shown a h-point a t  56OK, a I 
f i rs t -order  solid-phase t r ans i t i on  a t  150°K, and a melting point a t  
187.55OK. The thermodynamic properties given in tab le  20 a re  based 
on the data obtained by Guthrie, e t  &. .The same authors determined 
&;(298OK) (k) = -l-4,,90 kcal mol-lynd &lf(29eoK) (g) = -8.29 kcal mol- 
from heats  of combustion measurement s. 
calculations, based on rigid-rotator,  harmonic-oscill@or appgoximation, 
and t h e  calorimetric data Guthrie, et a l .  obtained &If and &f f o r  
gaseous furan up t o  1500°K. 
tha t  were reported: 
1 
From s t a t i s t i c a l  thermodynamic 
I 




O K  kcal/fmol kcal7mol 
298 8 0 293 0 . 208 
4.00 9.191 3.258 
500 9 . 872 6.452 
800 11.13 16.61 
I n  a more recent paper, Blinc and Pahor [ l ]  described s t a t i s t i c a l  
Cp are shown t o  be s l i gh t ly  lower than those obtained by Guthrie, e t  a l .  
2,4 Urea, N H 2 g 2 ,  60.05583 
tienodynamic calculations based on new molecular data. Values of I 
Measurements of t he  heat capacity of  urea have been reported by 
t h e  following: 
a. Gibson, Latimer, and Parks (86-3OOOK) [2] 
b. Parks, Huffman, and Barmore (93-298OK) [71 
C. hehrwein and Huffman (19-318OK) [SI 
The more extensive data of Ruehrwein and Huffaan were analyzed t o  obtain 
t h e  thermodynamic properties given in t a b l e  21. 
1 hest o f  combustion data, Ruehrwein andoHuffman obtained n H f ( 2 2 8 O K )  = -79.634 kcal  mol-1 and nGf(298OK) = -47.118 kcal mol- . 
The S (298OK) of t ab le  21 andoappropriate recent thermodynamic data 
yield essent ia l ly  the  same nGf(298OK) a s  obtained by Ruehrwein and 
Huff'inan. The National Bureau ofoStandards Technical Note 2 0-1 [9I 
Using Huffman's [AI  
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TABLE 1 8  
MOLAL THERMODYNAMIC FUNCTlONS FOR L-SERINE 
HOCH CHINH ICOOH 
2 2  
\ 
SOL I D  PHASE 
T DEG K = 273.15 + T DEG C 
GRAM MOLECULAR WT.= 105.09414 GRAMS 
T CC 
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CAC=4.1840 ABS J 
-IGO-HCI - (GO-HCI /T  
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TAB.LE 19 
MOLAL THERMOOYNAMIC FUEtCTIONS FOR L-MtTHlONIkE 
CH3SCH2CH2CH ( NH2 1 COOH 
SOLID PHASE 
GRAM MOLECULAR Y1.Z 149.21292 GRAMS 
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1 0 1 9 2 .  
10410.  
1 0 7 4 2 .  
1 1 0 1 1 .  
1 1 2 7 9 .  
1 1 5 4 6 .  
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CAL=4.1840 ABS J 
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I I .*,e 
29.757 
H: 15 T H E  ENTHALPY OF T H E  SOLID AT 0 OEG AND 1 ATM PRESSURE. 
5 
TABLE 2 0  
MOLAL THERMODYNAMIC FUNCTIONS FOR FURAN 
5 HCHCHCHCHP 
S O L I D  AND L I Q U I D  PHASES 
GRAM MOLECULAR UT.= 60.07588 GRAMS CAL=4.1840  ABS J 
t 
T 
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CAL CALlDEG CAL/DEG 


























































































































































































































































































































































Hg 15 THE ENTHALPY OF THE S O L I D  AT 0 DEG AND 1 ATM PRESSURE. 
6 
*. 
TABLE 2 1  
MOLAL THERMODYNAMlC FUNCTIONS FOR UREA 
NH2CQNH2 
GRAM MOLECULAR YT.= 60.05583 GRAMS CAL=4.1840 ABS J 
T c; ( H ~ - H ~  I I Hy-Hk 1 / T  S y  - l G ~ - H ~ l  -lG:-H:l/T 
SOL I D  PHASE 
T DEG 1: = 273.15 + T DEG C 
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3. Survey of H e a t s  and Free Energies of Formation 
I n  t h e  review of heats and f r e e  energies of formstion, primary 
a t ten t ion  was devoted in t h i s  period t o  t h e  inorganic compounds and 
t o  organic compounds containing one carbon atom o r  less. 
of exis t ing t ab le s  of thermodgnamic functions was made by reference 
t o  p r io r  au thor i ta t ive  compilations. 
stlrvey i s  summarized in Section 4 of t h i s  report. 
i s  presented i n  t h e  form of charts in which t h e  occurrence of 
tabulated data i s  indicated by coded l e t t e r s  re fer r ing  t o  t he  
source. 
A survey 
The information found in the  
The information 
The following functions a r e  l i s t e d  a s  headings: 
Enthalpy of 
Enthalpy of 
b t h a l p y  o f  
Enthalpy of 
Enthalpy of  
formation tabulated a s  a function of T 
formation a t  T = 29E1°7( 
formation a t  T = O O K  
atomization a t  T = OOK 
atomization a t  T = 2 9 8 O K  
Gibbs energy of  formation tabulate6 a s  a f u n c i i u r i  uf T 
Gibbs energy of  formation a t  T = 298OK 
Logarithm (base 10) of  t h e  equilibrium constant of 
format ion 
Ionization potent ia l  
Enthalpy of vaporization 
Enthalpy of fusion 
Fathalpy of t r ans i t i on  ( solid-solid) 
Vapor p r e s m e  tabulated as a function of  T 
Enthalpy increment from T = OOK t o  T = 298OK 
Enthalpy increment above T = 298OK tabulated a s  a 
function of T 
Enthalpy increment above T = O O K  tabulated a s  a 
function of T 
Enthalpy h c t i o n ,  based on T = OOK, tabulated a s  a 
function of T 
Enthalpy fuaction, based on T = 298OK, tabulated as a 
function of T 
Gibbs energy increment 
function of T 
above T = OOK tabulated a s  a 
8 
c 
0 0  
Gibbs energy increment above T = 298OK tabulated a s  
0 0  
(GT-H298)/T Gibbs  energy function, based on 'I! = 298OK, tabulated 
(Gi-Hi)/T 
a s  a function of 'I! 
Gibbs  energy function, based on T = OOK, tabulated a s  
a function of T 
Heat capacity a t  constant pressure tabulated a s  a 
function of T 
Heat capacity a t  constant pressure a t  T = 298OK 
Entropy a t  T = 298OK 
Entropy increment above T = O O K  tabulated a s  a function 
c; 
sg98 0 0 
0 
'P298 0 
ST or  S, -S 
O of temperature 
Some o f  the  above functions give eszent ia l ly  theosame information 
in different ways, a s  f o r  instance (H?-Hz98) and H$-H298)/T. However, 
t h e  various modes of presenting t h e  data a re  l i s t e d  separately f o r  the  
purposes of t h i s  survey because the  f'unctions a re  not s t r i c t l y  inter-  
changeable. The sources of data covered thus f a r  i n  t h i s  portion of 
t he  study are  l i s t ed ,  together with t h e i r  keyed l e t t e r s  i n  the  f irst  
page of Section 4. 
searched only through Series I, and has been included only t o  the  extent 
t h a t  data in it has not been superseded by NBS Tech. Note 270-1 (W). 
Enthalpies of phase changes which a r e  found i n  Ser ies  I1 have not yet 
been included, but  w i l l  be in future  summaries. 
NBS Circular 503, keyed a s  l e t t e r  C, has been 
The compound formulas l i s t e d  in the  left-most column a r e  in 
s t r i c t l y  alphabetic-numeric order following the  scheme used in the  
Chemical Abstracts F o m l a  Index and in previous reports  of  t h i s  ser ies .  
Ions were l i s t ed  i f  data f o r  them were found, 
t he  charts presented i n  t h i s  report  t o  dis t inguish t h e  various phases 
of  a compound. 
alyhabetical f o m l a  leaves t h e  nature of  t h e  compound unclear. 
No attempt i s  made i n  
Names a r e  given f o r  a few compounds f o r  which the  
A cursory scan of  the  charts  i n  Section 4 shows large vacant 
araas. They a re  t o  be f i l l e d  i n  fur ther  by addi t ional  searches. 
i s  cer ta in  tha t  other sources of  data w i l l  provide addi t ional  information, 
par t icular ly  in the  columns l i s t e d  a s  functions of  temperature& however, 
large gaps a r e  expected t o  remain a f t e r  t he  search has been completed. 
Structural  fonrmlas o r  names f o r  many of t h e  other compounds can be 
found by reference t o  NBS Report 8595 (Table 1, Section 2) o r  t o  the  





4. Status  of Coverage of Thermodynamic Functions f o r  Inorganic 
CHNOPS Compounds and Organic CHNOPS Compounds Containinq 
One Carbon Atom Der Molecule 
Key t o  Sources of  Thermodynamic Functions 
Wagman, D, C., Evans, W. H., Halow, I, Parker, V. Bo, 
Bailey, S. M., and Schumm, R. He, Selected values of 
chemical thermadpamic properties. Part  I. Tables for 
the  first twenty-three elements in the  standard order 
of arrangement. 
Printing Office, Washington, D. C., October 1965). 
NEE Tech. Note 270-1 (U.S. Government 
Rossini, F. D., Wagman, D. D., Evans, W. H., Levine, S o ,  
and Jaffe ,  I., Selected values of chemical-thermodynamic 
properties. NBS Circular 500 (U. S. Government Printing 
Office, Washington, D. C., 1952). 
uuw ,. ullGuGaL ni - - 2 - - i  CG., (5. E. S t - d l  2:s ce>lnhnrat#nrs)  JANAF' 
Thermochemical Tables, (The Dow C h a i c a l  Company, 
Midland, Michigan, Dec. 31, 1960 t o  Dec. 31, %5), 
available through Supplement 17 a s  publication PB-168370 
(Clearinghouse f o r  Federal Scientific and Technical 
Information, Washington, Do C., Bug. 1965)- 
Beckett, C. W., and collaborators, NBS Reports a s  follows: 
1. Preliminary report on the thermodynamic properties of 
lithium, beryllium, magnesium, aluminum and t h e i r  
compounds with oxygen, hydrogen, fluorine, and chlorine. 
NBS Heport Wi, Zanuary i%? 
IfBS Report July 1959 
2. Preliminary report on the thermodynamic properties of 
selected l igh t  element compounds. 
"3 Report 664.5, January 1960 
NBS Report 6928, July 1960 
3. Preliminary report on the thermodynamic properties of 












For an explanation of the  
7093, January 1961 
7192, July 1961 
7437, January 1962 
7587, July 1362 
7796, Jamary 1963 
8033, July 1963 
8186, January 1964 
8504, July 1964 
8628, January 1965 
8919, July 1965 
9028, January 1966 
t ab les  see Section 
10 
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